The Immune Redoxome: Effector-Triggered Immunity Switches Cysteine Oxidation Profiles
The changing climate impacts the interactions between plants and their surrounding environment, including pathogen invaders (Mhamdi and Noctor, 2016) . Plant immune responses are often associated with increased production of reactive oxygen species (ROS), also known as the oxidative burst (Lamb and Dixon, 1997) , leading to wide-ranging changes in leaf primary and secondary metabolism (Chaouch et al., 2012) . The impact of pathogen-triggered ROS bursts on protein oxidation states is still only partly characterized, but cysteine (Cys) residues on sensitive proteins can undergo a panoply of reversible oxidations, such as sulfenylation, nitrosylation, and glutathionylation. The resulting redox modifications can affect multiple protein functions, such as catalytic activity, reactivity toward surrounding cell components, and subcellular localization. One well-studied case is the redox regulation of NONEXPRESSER OF PR GENES1 (NPR1), which is required for salicylic acid-induced PATHOGENESIS-RELATED gene expression and resistance against pathogens. Reduction of NPR1 tetramers to monomers is associated with relocalization of the protein from the cytosol to the nucleus (Mou et al., 2003) , but such reductive changes may be preceded or accompanied by oxidative responses to ROS bursts. In general, how metabolic changes initiated by thiol oxidation shifts function in host defense is largely unknown.
Recent evidence suggests that oxidative stress proteomes might be strongly influenced by the type of trigger and target particular metabolic processes in specific subcellular compartments (Waszczak et al., 2014; Akter et al., 2015; De Smet et al., 2019) . However, defining the specific signatures that are relevant to plant defense strategies is a challenging task. In this issue of Plant Physiology, McConnell et al. (2019) explore the effects of effector-triggered immunity on sensitive protein Cys residues in plant tissues. The authors profile the redoxome in the Arabidopsis (Arabidopsis thaliana) Columbia-0 wild type as well as mutant lines defective in the two major salicylic acid-binding thimet oligopeptidases TOP1 and TOP2, which alter effector-triggered immunity (Moreau et al., 2013) . This study reveals that changes in the thiol oxidation state during the immune response occur in a dynamic, wave-like pattern, with increased oxidation at 8 h after bacterial challenge and a subsequent decrease at 12 h. Moreover, the amplitude of the wave is lower in top1 top2 relative to Columbia-0, with fewer oxidized proteins and fewer oxidized Cys residues per protein.
Furthermore, McConnell et al. (2019) show that Cys residues sharing similar oxidation characteristics belong to proteins acting in similar pathways and that immune responses target specific metabolic pathways such as proteasome degradation, glycolysis, and amino acid biosynthesis. This is in agreement with recent findings that oxidative stress triggered switches in chloroplastic sulfenome targets, in particular, amino acid metabolism (De Smet et al., 2019) . However, it remains unclear whether these Cys residues are required for signal perception and propagation in any given biological context or whether they are simply a consequence of an upstream oxidation event. Hence, the next logical but challenging step will be to validate the biological and physiological relevance of specific oxidation events at Cys residues and reveal how they might be associated with stress resilience.
Analysis of the overlap between immunity-triggered shifts in Cys oxidation and published data sets for protein oxidation triggered by intracellular oxidative stress revealed surprisingly little overlap. This may point to a specific apoplastic ROS burst signature. This specific effect is intriguing but difficult to prove within the context of available data, knowing that most of these data sets have been obtained using an array of technologies and biological materials. Another possible issue is the broad variety of oxidative modifications that Cys thiols can undergo, some of which might have been differentially enriched in some experiments compared with others. In this context, bias can be introduced if specific or inadequate enrichment occurs during the experimental procedure, artificially exposing buried thiols that are otherwise not sensitive to oxidation. Potential overlap between various redoxomes may also be minimized by recent advancements in mass spectrometry that have allowed profiling of Cys thiol oxidation using different detection methods based on multistep protocols to allow subpopulations of oxidized Cys residues to be targeted (Liu et al., 2014; Waszczak et al., 2014; Akter et al., 2015; Slade et al., 2015) . A future challenge in this field is to develop breakthrough protocols that allow site-specific and quantitative assessment of redoxomes combined with a potential analysis of other posttranslational modifications on neighboring residues (e.g. phosphorylation). Finally, given the apparent complexity of the protein redox network, it will be important to produce a comprehensive picture of temporal and spatial changes that will give insights into the flow of redox signals between subcellular compartments and from the primary site of infection to adjacent cells. This might enable the identification of mobile components acting in signal transmission to fine-tune the host defense reactions. 
